• IA procedure decrease anti-AAV5 NABs to levels compatible with a successful AAV5 vector readministration.
Introduction
Adeno-associated virus (AAV) vectors have been successfully used for the treatment of genetic disorders in preclinical studies as well as in clinical trials. Those clinical studies included hundreds of patients and demonstrated efficacy and safety of AAV vectors for gene therapy in humans with longterm therapeutic benefit. [1] [2] [3] Particularly, recent data confirm the effectiveness and safety of gene therapy in hemophilia B (Hem B). 4, 5 However, it has been reported that even low levels of anti-AAV neutralizing antibodies (NABs; 1:5 to 1:10) can have an impact on transduction of high doses of AAV vectors. 4, [6] [7] [8] [9] [10] [11] [12] NABs can be the result of naturally acquired AAV infections and AAV-based gene therapies usually induce high serotype-specific NAB titers, precluding effective readministration. Patients, including children treated with AAV-based therapy, may experience a gradual decrease of therapeutic protein expression due to the natural turnover of transduced cells or because of insufficient initial transduction efficacy and may require a second treatment. Hence, there is a need to develop strategies that enable AAV-mediated gene delivery to patients with anti-AAV NABs.
Various approaches have been pursued to overcome the inhibitory effect of NABs such as dose fitting, alternating AAV serotypes, AAV-vector delivery directly to hepatic tissue, capsid engineering of the vector, or use of capsid decoys. 2, [13] [14] [15] [16] [17] [18] However, those strategies have limitations because they show limited efficacy in the presence of high NABs titers, require the development of another product, or have safety issues. 19, 20 Plasmapheresis and immunoadsorption (IA) are extracorporeal blood-purification techniques that have been developed to remove large-molecular-weight substances from the plasma. Importantly, these techniques are safe medical procedures performed worldwide both in adults and children. 21 The plasmapheresis procedure is a nonselective removal of all plasma components and can remove ;50% to 75% of antibodies and other plasmatic factors. 22 In contrast, IA results in the selective removal of immunoglobulins from separated plasma through high-affinity adsorbers and allows near complete clearance of circulating immunoglobulins of all types and subtypes. IA has high therapeutic efficacy even in diseases for which plasma exchange is not effective, [23] [24] [25] [26] [27] [28] and is currently clinically used to treat multiple antibody-mediated or immunological medical conditions. [29] [30] [31] Different research groups have reported that extensive plasmapheresis may reduce NABs to undetectable levels only when initial anti-AAV NAB titers are low. 32, 33 However, this approach cannot be used when anti-AAV NABs titers are high, as is common following AAV-based gene therapy.
In the current study, the feasibility of using an IA procedure for repeated, liver-targeted AAV-based gene delivery in nonhuman primates (NHPs) was explored using recombinant AAV5 (rAAV)based vectors of the same serotype. Furthermore, the safety and efficacy of the procedure to decrease anti-AAV NABs was investigated in humans.
Materials and methods

Animal welfare
Animal studies were approved by the ethics committee for animal testing of the University of Navarra and by the Department of Health of the government of Navarra (Comité deÉtica para la Experimentación Animal [CEEA] 038/15) and performed according to the guidelines from the institutional ethics commission.
Experimental design
Six female Macaca fascicularis NHPs (1-6) negative for anti-AAV5 NABs were administered by IV injection with rAAV5-hAAT-human secreted embryonic alkaline phosphatase (hSEAP; 1 3 10 13 genome copies [gc]/kg). Seven weeks after this administration, 3 animals (NHPs 4-6) randomly selected were submitted to IA and readministered (IV) with rAAV5-LP1-hFIX (3 3 10 13 gc/kg) 15 minutes after completion of the procedure. Three animals (NHPs 1-3) were readministered with rAAV5-LP1-hFIX (3 3 10 13 gc/kg) without prior procedure. Four weeks after the rAAV5-LP1-hFIX readministration, the animals were euthanized, and blood and tissues were harvested for further analyses. Eight additional NHPs negative for anti-AAV5 NABs (female, NHPs 7-14), were administered with rAAV5-hSEAP at a dose of 1 3 10 13 gc/kg. Seven weeks after AAV5-hSEAP administration, all animals were submitted to IA before readministration with AAV5-hFIX (3 3 10 13 gc/kg). Two control animals (controls 1 and 2) were administered with AAV5-hFIX (3 3 10 13 gc/kg) and euthanized 4 weeks after.
IA procedure
Prior to IA, darbepoetin a (100 mg, Aranesp; 0.45 mg/kg, Amgen) in combination with ferric carboxymaltose (Ferinject, 10 mg/kg; Vifor Pharma) was given weekly for 3 weeks to the NHPs. IA was performed under anesthesia using ketamine (Imalgene 1000; Merial), midazolam (B. Braun), propofol (B. Braun), and sevofluorane (AbbVie). The adsorber filter TheraSorb-Ig Flex (Miltenyi Biotec) was used in combination with the IA device Life 18TM (Miltenyi Biotec). A single session of IA involving 3 consecutive cycles was performed. For detailed description of the IA procedure, see supplemental Data, "Detailed immunoadsorption (IA) procedure." rAAV5 vectors rAAV5 vectors were generated according to an adapted method. 34 rAAV5-hSEAP carry the human SEAP transgene under the control of the liver promoter human a-1-antitrypsin (hAAT). 35 rAAV5-hFIX carry the human factor IX transgene under the control of the liver promoter 1 (LP1). 36 
Analysis of the humoral immune response
Anti-AAV5 NABs. The level of NABs was determined as described previously. 14 HEK293T cells (ATCC) were seeded in 96-well plates (Costar) coated with 0.25% poly L-lysine (Sigma-Aldrich) at a density of 0.5 3 10 5 cells per well in Dulbecco's modified Eagle medium 10% fetal bovine serum/1% penicillin/streptomycin (Gibco). Cells were incubated overnight at 37°C before addition of a mix of rAAV5-CMV-luc preincubated with heat-inactivated plasma (dilution range from 5 3 10 1 to 4 3 10 7 ). As a positive control, cells were incubated with rAAV5-CMV-luc; as a negative control, cells were incubated with medium only. After 20 hours at 37°C, the cells were washed with phosphate-buffered saline and lysed by addition of Glo Lysis Buffer (Promega). The luciferase expression was determined with the ONE-Glo Luciferase Assay (Promega) according to the manufacturer's protocol. The anti-AAV NAB titer (half maximal inhibitory concentration [IC50]) was calculated with LabKey software. Plasma samples were considered to have neutralizing activity if the lowest plasma dilution inhibited vector transduction by at least 50%.
Total antibodies against AAV5. Levels of circulating antibodies were measured by enzyme-linked immunosorbent assay (ELISA). Ninety-six-well plates coated with rAAV5 capsid were incubated with plasma, and specific antibodies detected with an horseradish peroxidase-conjugated antibody against cynomonkey immunoglobulin G (IgG; Sigma-Aldrich) followed by colorimetric detection with 3,39,5,59-tetramethylbenzidine (TMB; Sigma-Aldrich). Correlations between the levels of NAB and total anti-AAV antibody were determined by exponential regression.
ELISPOT assay
The enzyme-linked immunospot (ELISPOT) assay was performed using the human interferon-g ELISPOT kit (BD) by incubating 10 . For personal use only on September 12, 2019. by guest www.bloodadvances.org From peripheral blood leukocytes obtained at days 14, 28, 42, 63, and 77 of the experiment with either AAV5 vector or medium as negative control or phorbol 12-myristate 13-acetate (50 ng/mL final) and ionomycin (500 ng/mL final) (Sigma-Aldrich) as positive controls. The analysis was done automatically using the CTL immunoSpot Analyzer and counted with CTL immunoSpot software.
Transgene expression
Secreted embryonic alkaline phosphatase (SEAP) activity/expression was measured using the chemiluminescent SEAP Reporter Gene Assay (Sigma-Aldrich). Analysis was performed according to the manufacturer.
Human factor IX (hFIX) expression was measured by a sandwich ELISA. Diluted plasma samples were added to a plate coated with a hFIX-specific monoclonal antibody (Hematologic Technologies Inc). Detection was performed using a peroxidase anti-FIX-mouse monoclonal antibody (Cedarlane Laboratories) followed by colorimetric detection using TMB (Sigma-Aldrich).
Quantification of AAV-vector DNA in the liver
Liver total DNA was prepared using the QIAamp DNA mini kit (Qiagen). Vector DNA levels were quantified by quantitative polymerase chain reaction (qPCR) with primers for hSEAP (forward, 59-CCTGTT TGCTCCTCCGAT-39; reverse, 59-GGGTTCTCCTCCTCAACT-3) and hFIX (forward, 59-CAAGTATGGCATCTACACCAAAGTCT-39; reverse, 59-GCAATAGCATCACAAATTTCACAAA-39). Glyceraldehyde-3-phosphate dehydrogenase was used as reference (forward, 59-GGTCGGAGTCAAACGGATTT-39; reverse, 59-CCAGCATCG CCCACTTGA-39). Amplification was performed using iQ SYBR green supermix in an iQ5 real-time PCR detection system (Bio-Rad).
Statistics
Statistical significances were determined using GraphPad Prism 8 software and are described in the figure legends.
Results
IA procedure enables a significant reduction of anti-AAV5 NAB levels NHPs (n 5 6) testing negative for the presence of anti-AAV5 NABs were administered IV with rAAV5-hSEAP at a dose of 1 3 10 13 gc/kg. Seven weeks after the first AAV administration, all animals were readministered with rAAV5-hFIX (dose of 3 3 10 13 gc/kg). Fifteen minutes prior to readministration, 3 of the 6 animals were submitted to a single session of IA involving 3 consecutive cycles. Blood samples were collected for further analysis prior to the IA procedure and after every cycle (3) of the procedure.
After administration of rAAV5-hSEAP, circulating anti-AAV5 NABs developed in all 6 NHPs (NHP 1-6; Figure 1A ). Although the plasma levels of rAAV5-hSEAP vector genome copies of DNA measured 2 days after AAV vector administration were consistent between animals, indicating that all animals have been exposed to a similar dose of circulating vector capsids (supplemental Table 1 ), the levels of anti-AAV5 NABs following administration with rAAV5-hSEAP varied between animals, illustrating the natural variability of the antigenic immune responses in a genetically diverse population. 37, 38 After 7 weeks, 3 of the 6 animals (NHP 4-6) were submitted to IA, resulting in a decrease of the anti-AAV NAB titers from an average titer of 61 165 to final titers ranging from 2261 to 8249 ( Figure 1A ). The mean NAB titer decreased by .1 log following the total procedure with an average 2.3-fold reduction per cycle ( Figure 1B ). As expected, after the readministration (rAAV5-hFIX), all animals developed a secondary response against the rAAV5 vector, with an increase in the NAB titers ( Figure 1A ).
Successful readministration of rAAV5-vector after IA procedure
The impact of the IA procedure on the efficacy of liver transduction was determined by assessing transgene expression. Plasma samples were collected from animals throughout the experiment, and hSEAP and hFIX gene expression was analyzed at the circulating protein level.
After administration with rAAV5-hSEAP, stable and comparable hSEAP activity was detected in the plasma of all animals (NHP 1-6) until euthanization, 77 days after the initiation of the study (Figure 2A ). As expected, animals that were treated with rAAV5-hFIX without prior IA (NHP 1-3) did not have detectable expression of hFIX in the plasma ( Figure 2B ). rAAV5-hFIX administration had no effect on hSEAP activity levels resulting from the primary injection with rAAV5-hSEAP ( Figure 2A ).
Readministration of NHPs 4 to 6 with rAAV5-hFIX after IA at day 49 resulted in plasma hFIX protein expression in a range of 115 to 783 ng/mL (2.3% to 15.66% of 5 mg/mL) consistent with therapeutic efficacy (average level of 401 ng/mL at the peak of expression, day 56). When considering the area under the curves, a 23-fold increase of hFIX was measured when compared with NHPs 1 to 3 readministered with rAAV5-hFIX without IA. The hFIX levels achieved, however, were 2.4 times lower than observed in NHPs after primary injection with rAAV5-hFIX at the same dose of 3 3 10 13 gc/kg (average level of 984 ng/mL at the peak of expression, day 56) ( Figure 2B ). The difference in expression was 2.9 times greater when considering the area under the curves ( Figure 2C ). As has been reported by us and others, the AAVmediated hFIX kinetic expression pattern in NHP plasma is characterized by a peak of expression at 7 days (day 56) after administration followed by a decrease and a subsequent stabilization over time, and the expression of hFIX in the NHPs subjected to IA showed similar kinetics. 14, 39, 40 Following sacrifice, 30 tissue samples were taken throughout the liver for each animal and rAAV5-hSEAP and rAAV5-hFIX-vector DNA copy numbers were determined by qPCR. Similar levels of rAAV-hSEAP-vector DNA copies were measured in the liver tissues of all animals ( Figure 3A -B) and consistent with the hFIX protein data, substantially higher levels (27.86 times) of hFIXvector DNA copies were detected in animals that underwent the IA procedure prior to readministration with rAAV5-hFIX compared with the untreated group ( Figure 3C -D). As previously observed for the circulating hFIX protein, the levels of hFIX vector DNA copies measured in liver after IA (median of 2.6 3 10 5 gc/mg total DNA) were lower (4.62 times) than after primary administration with rAAV5-hFIX at the same dose of 3 3 10 13 gc/kg (median of 1.2 3 10 6 gc/mg total DNA) of the control animals.
Overall, the results suggest that the presence of residual anti-AAV5 NABs after IA at titers ranging from 2261 to 8249 impact only partially AAV5 liver transduction, allowing therapeutic levels of hFIX expression. The IA procedure was well tolerated
The IA procedure was well tolerated by all the animals. No changes of body temperature, activity, general health, and skin and mucosa color were observed. Clinical laboratory parameters, including hematological parameters, coagulation tests, urine analysis, renal and liver function tests, and complete blood count remained within the normal range through the experiment. Only mild and transient alterations in serum biochemistry (alanine aminotransferase elevation of 3 to 4 times the basal levels) occurred 3 days after IA and reversed to baseline within a week in all animals (data not shown). Histology of liver tissues showed that neither AAV vector administration nor the IA procedure caused any pathological changes (data not shown).
Lack of T-cell response against AAV5 capsid
To get more insight into the immune responses occurring after AAV delivery, the cellular immune response against the rAAV5 viral capsid proteins was analyzed for NHPs 1 to 6. Peripheral blood mononuclear cells isolated after rAAV5-hSEAP primary administration (days 14 and 28) and readministration with rAAV5-hFIX (days 42, 63, and 77) were screened for T cells against AAV5 capsid antigens, using an ELISPOT assay (supplemental Figure 1) . No cellular immune responses were observed at the time points analyzed.
Correlation between anti-AAV5 NAB levels and total anti-AAV5 antibodies
To further assess the impact of the IA on the circulating antibodies, a total anti-AAV5 antibody ELISA was performed on samples collected before, during, and after the procedure. Similar to the results obtained for the anti-AAV5 NABs, the levels of total anti-AAV5 antibody decreased after the procedure ( Figure 4A ) and a correlation (R 2 5 0.9069) was established between the levels of total antibodies and NABs throughout the IA procedure ( Figure 4B ).
Determination of anti-AAV5 NAB threshold compatible with readministration
To determine the anti-AAV5 NAB threshold compatible with an effective rAAV5 readministration, 8 additional NHPs testing negative for the presence of anti-AAV5 NABs (NHPs 7-14) were administered with rAAV5-hSEAP at a dose of 1 3 10 13 gc/kg. Seven weeks following administration, all animals developed titers of anti-AAV5 NABs in a range of 15 720 to 656 040 and were submitted to a single session of IA before readministration with rAAV5-hFIX (3 3 10 13 gc/kg).
The decrease of anti-AAV5 NAB titer after the procedure was consistent with our previous observation with a mean 11-fold reduction per IA session, resulting in anti-AAV5 NAB titers ranging from 1772 to 24 713 after completion of the procedure (supplemental Table 2 ).
The efficacy of rAAV5-hFIX liver transduction at readministration as a function of preexisting anti-AAV5 NAB was determined by relating posttreatment levels of hFIX in plasma with pretreatment NAB titers. rAAV5-hFIX readministration resulted in expression of therapeutic levels of hFIX in the presence of anti-AAV5 NAB titers up to 8250 ( Figure 5 dotted line) and no correlation could be established between the anti-AAV5 NAB titer at the time of readministration and the hFIX level measured at the peak of expression at day 56 (supplemental Table 2 ). The same observation was made for the levels of anti-AAV5 NABs and the hFIX-vector DNA copies measured at euthanization.
Overall, these data demonstrate that an anti-AAV5 NAB threshold of 8250 is compatible with efficient rAAV5 vector readministration. Interestingly, at a similar NAB titer at readministration, the hFIX expression varied between animals.
Total IgG levels for clinical application
The clinical use of IA to decrease the levels of pathologic circulating antibodies has been repeatedly reported. 27 . For personal use only on September 12, 2019. by guest www.bloodadvances.org From rapidly reappear, and a return to initial levels has been observed 6 to 8 hours following the procedure. 41 Hence, clinical use of IA would require a marker for rapid assessment of the efficacy of the procedure to reduce antibody titers. Standard total IgG antibody detection assays are widely available and can be completed within 2 hours vs 3 days for NAB detection assays. To get some insight into the translatability of the readministration procedure to the clinic, the correlation between total IgG antibody levels and anti-AAV NAB levels was determined for NHPs 4 to 6 that were submitted to IA. IgG levels were measured prior, during, and after IA and a similar average decrease in NABs and IgG was observed during the procedure (supplemental Figure 2) .
These data suggest that a standard IgG assay could be used as a NAB surrogate to assess the efficacy of the IA procedure prior to AAV readministration in patients.
Proof of concept in human subjects submitted to IA
Plasma samples obtained from 4 subjects treated for autoimmune diseases were obtained before and after a single session of IA involving 2 consecutive cycles and analyzed for the presence of NABs against rAAV2, rAAV5, rAAV9, and total IgG antibodies.
As expected, due to the low seroprevalence of NABs against AAV5 in the human population, none of the subjects were measured positive for anti-AAV5 NABs 42 (supplemental Figure 3 ). However, 2 of 4 subjects showed a clear neutralizing activity against AAV2 and 1 subject against AAV9. After two consecutive cycles of IA a reduction in NABs against AAV2 was observed of threefold for subject 2 and of fivefold for subject 4. Similarly, in subject 4, a reduction of fivefold was observed in NABs against AAV9.
For all 4 subjects, a clear reduction of IgG concentration was observed with an average of 1.8-fold reduction per cycle in the same range than the results obtained in NHPs. The procedure was well tolerated in all cases, suggesting that additional sessions and/or cycles could be applied if needed to get to further reduction of NAB levels.
Discussion
Humoral immune responses against AAV vectors represent a major limitation for AAV therapeutic efficacy and NABs to AAV vectors can prevent or impair transgene delivery to the target organ. [43] [44] [45] [46] For this reason, patients with preexisting antibodies due to natural infection or AAV treatment are commonly excluded from AAV-based clinical trials. . For personal use only on September 12, 2019. by guest www.bloodadvances.org From
We now report that an IA procedure significantly reduces the AAV5-neutralizing activity in NHP plasma enabling successful repeated rAAV5-based hepatic gene delivery. A single session of 3 IA cycles resulted in .1 log reduction of circulating NABs titers and in all animals with anti-AAV5 NAB levels below the threshold of a titer of 8250, sustained hSEAP and hFIX protein expression were measured in plasma after sequential administration of rAAV5-hSEAP followed by rAAV5-hFIX. DNA levels for both hSEAP and hFIX vector constructs were detected in the liver of the animals submitted successfully to the IA procedure. Hem B is a monogenic disorder with a broad therapeutic window and, therefore, an ideal candidate for gene and cell therapy. The normal circulating levels of hFIX are reported to be in the range of 5 mg/mL. In severely affected patients, partial correction can already significantly lower bleed rates and improve quality of life. The hFIX levels needed to correct the Hem B disease phenotype are in the therapeutic range of 150 to 250 ng/mL, 3% to 5% of 5 mg/mL. 47 We reached levels of hFIX plasma protein after readministration in a range of 115 to 783 ng/mL (2.3% to 15.66% of 5 mg/mL) compatible with therapeutic benefit in humans. These hFIX levels were achieved in presence of anti-AAV5 NABs remaining after IA at titers ranging from 2261 to 8249. Interestingly, at comparable NAB titers at readministration, some differences in hFIX levels of expression were observed between animals, indicating that (genetic) factors other than NAB determine the efficacy of AAVmediated liver transduction in primates.
The IA procedure was well tolerated and only mild and transient alterations in serum biochemistry were associated with the procedure. As expected in a genetically diverse population, 37, 38 the levels of anti-AAV5 NABs achieved after primary administration with 1 3 10 13 gc/kg rAAV5-hSEAP varied between animals. In the present study, the IA procedure consisted of a single session of 3 cycles of blood exposure to anti-human immunoglobulin columns (Ig-Therasorb), causing a consistent reduction of NAB titers in all animals the study. Because the efficacy of Ig-Therasorb columns has been shown to be similar in NHPs and humans, 48 the average 11-fold reduction of anti-AAV NAB titers after a single session of 3 cycles constitutes a basis to predict the number of cycles and sessions needed to reduce anti-AAV5 NABs below the titer compatible with readministration. Such a tailored IA approach is currently used to treat several diseases including refractory rheumatoid arthritis, atopic dermatitis, cryoglobulinemia, and chronic focal encephalitis. 49 The Ig-Therasorb specifically binds immunoglobulins and immune complexes by polyclonal IgG-binding antibodies. The matrix is Sepharose CL 4B coupled to specific antihuman-immunoglobulin sheep antibodies housed in a glass column. These columns remove not only IgG, IgA, IgM, and IgE from plasma, but also immune complexes such as complement components C3 and C4. 50 We have previously shown that no impact of anti-AAV5 NABs on liver transduction was observed for NABs titers up to 1031 in NHPs and 340 in humans. 51 In the present study, therapeutic levels of hFIX expression were achieved in presence of anti-AAV5 NABs remaining after IA at titers ranging from 2261 to 8249. However, the impact of individual complement factors as well as of IgM antibodies on the neutralization activity has been reported for viruses such as hepatitis C, vesicular stomatitis and adenovirus type 5. [52] [53] [54] Therefore, it is conceivable that the decrease of NAB activity following IA is partially dependent on the depletion of non-IgG plasma proteins and further investigations are needed to address this point.
Low levels of anti-AAV2 or anti-AAV8 NAB have been related to a decrease or even total impairment of AAV liver transduction in both NHPs or humans, 6, 9, 10 and patients with detectable anti-AAV NAB titers, as low as 1:5, are commonly excluded from clinical trials. 55, 56 However, the present results together with our previous findings 57 suggest that differences in the neutralization ability of antibodies might exist between AAV serotypes. Even though anti-AAV5 NAB can be detected in plasma samples in vitro, those antibodies allow in vivo transduction of rAAV5-based vector up to a measured titer of 8250.
AAV serotypes such as 2 and 8 have been associated with cellularmediated immune responses against the AAV5 capsid proteins. 2, 6 However, no T-cell-mediated immunity associated with AAV5 viral capsid was reported in humans submitted to AAV5-based . For personal use only on September 12, 2019. by guest www.bloodadvances.org From therapy. 5, 14, 58 Therefore, it cannot be excluded that IA may only be useful for serotypes that allow successful transduction in the presence of some titer of preexisting antibodies and that do not induce effector T cells upon readministration.
IA has been clinically applied 59, 60 and it is known that antibodies rapidly return to pretreatment levels. 41 In general, 6 to 8 hours after IA a rebound of antibody plasma titers is seen due to redistribution of tissue-bound antibodies and antibodies from the lymphatic/ interstitial compartment. Novel antibody synthesis may also occur, causing a restoration of antibody concentrations 7 to 14 days after treatment. 23 The current study suggests that readministration of rAAV5 vectors would become feasible at NAB titers below 8250, allowing for a short readministration window. This would require a rapid surrogate test for the efficacy of the IA procedure, which could be extended if titers are too high. Because NAB assays can only be completed in days, we investigated the possibility of using a standard IgG ELISA as a surrogate test and establish a correlation between total IgG and NAB levels. Hence, a standard ELISA-based IgG assay can be used to assess the efficacy of IA prior to readministration of AAV5-based vectors. Importantly, the NAB levels in human samples submitted to only 2 cycles of IA corroborated the data obtained in NHPs with a reduction of NABs against AAV as well as of total IgG levels.
Another important aspect of the current procedure is the absence of rAAV5-specific T-cell responses. rAAV-capsid specific effector T cells are known to cause a reduction or complete annihilation of gene expression following successful transduction, and this often cannot be prevented by immune suppression. In contrast to other serotypes, T-cell responses to rAAV-5 capsid epitopes are infrequent in humans, even in individuals that were preexposed to AAV5 prior to gene therapy and were not observed upon second administration of rAAV-5 in the current primate study.
In summary, our study demonstrates that IA can be used for readministration of rAAV5-based therapeutic vectors when targeting the liver tissue. IA is widely clinically used and safe, and therefore this approach could be an option for both patients that have preexisting immunity toward AAV or patients that need to be readministered with the therapeutic AAV vector in case of decrease or loss of transgene activity.
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